A series of tetranuclear iron complexes displaying a site-differentiated metal center were synthesized. Three of the metal centers are coordinated to our previously reported ligand, based on a 1,3,5-triarylbenzene motif with nitrogen and oxygen donors. The fourth (apical) iron center is coordinatively unsaturated and appended to the trinuclear core through three bridging pyrazolates and an interstitial μ 4 -oxide moiety. Electrochemical studies of complex [LFe 3 (PhPz) Complexes in all redox states were isolated, and three were characterized structurally by single crystal X-ray diffraction. Combined Mössbauer spectroscopic and crystallographic studies indicate that the change in oxidation state is exclusively localized at the triiron core, without changing the oxidation state of the apical metal center. This phenomenon is assigned to differences in the coordination environment of the two metal sites in the cluster, and provides a strategy for storing electron and hole equivalents without affecting the oxidation state of the coordinatively unsaturated metal. The presence of an additional single ligand-binding site allowed for study of the effect of redox modulation on nitric oxide activation by an Fe II metal center. Treatment of the clusters with nitric oxide resulted in binding of NO to the apical iron center generating a {FeNO} 7 moiety. As with the NO-free precursors, three reversible redox events are observed electrochemically and are localized at the iron centers distal from the NO ligand. Altering the redox state of the triiron core resulted in significant change in the NO stretching frequency, by as much as 100 cm −1 , indicative of NO activation modulated by remote metal centers. The increased activation of NO is attributed to structural changes within the clusters, in particular related to the interaction of the metal centers with the interstitial atom. The differences in NO activation were further shown to lead to differential reactivity, with NO disproportionation with N 2 O formation performed by the more electron rich cluster.
I. Introduction
Challenging chemical transformations involving the transfer of multiple electrons and protons are commonly catalyzed in living organisms by proteins that display multiple metals in the active site. 1 One such example is the oxidation of H 2 O to O 2 by the oxygen-evolving complex (OEC) in photosystem II (PSII). 2 The active site consists of a mixed manganesecalcium cubane [Mn 4 CaO n ], 1d,3 which cycles through five oxidation states upon photoexcitation (S-states). 4 These successive oxidations culminate in the oxidation of water with subsequent release of dioxygen. 1d, [2] [3] [4] Other proteins that feature multinuclear active sites include hydrogenase, 5 CO dehydrogenase, 6 laccases, 1c,7 acetyl-CoA synthase, 8 Cytochrome c oxidase, 9 and nitrogenase. [1] [2] 10 Although Mn features preeminently as a example of biological multi-electron catalysis, Fe is encountered in most other multinuclear active sites mentioned above for the reduction of H 2 O to H 2 , of CO 2 to CO, of N 2 to NH 3 , and of O 2 to H 2 O. The nitrogenase enzyme family is notable for the number of electrons (six) required for the transformation of N 2 to NH 3 and for the number of metals centers (eight) present in the active site, with seven of them being iron in all isoforms. 1a,10e,11 The presence of multimetallic active sites has inspired mechanistic proposals that invoke metal-metal cooperativity in substrate activation [5] [6] [7] [8] or product formation [2] [3] [4] . The ability to store multiple redox equivalents and to tune reduction potentials have also been explored for multimetallic active sites. 12 When the proposed site of substrate binding consists of a single metal within a multimetallic assembly, the other non-coordinating metals have -in some cases -been speculated to alter the geometry of the bridging ligands or influence the electronics of the multimetallic assembly in order to affect substrate conversion. 1g,8a Despite a wealth of studies, the respective mechanisms of several multimetallic active sites remain under debate.
Investigating the roles that these metals play in multimetallic active sites, is important for understanding their contribution to (i) substrate binding and activation, (ii) redox tuning, (iii) storage of redox equivalents, or (iv) electron shuttling. Furthermore, such an investigation is instrumental for obtaining a detailed mechanistic picture and/or for designing artificial catalysts. Modeling chemistry has been challenging due to the complexity of multimetallic targets.
Our group and others have targeted (multi-nuclear) metal complexes that -conceptuallyhelp understanding the various aspects involved in the functioning of the active sites of a wide variety of enzymes. 13 We have studied the effects of redox-inactive metals as part of redox-active transition metal clusters, a topic of interest in the context of the role of calcium in the OEC. 12, 14 Access to hetero-and homonuclear clusters was achieved rationally via a stepwise route starting from trinuclear precursors. 15 It was demonstrated that the redox potential of these metal cluster correlates linearly with the Lewis acidity of the fourth redoxinactive or redox-active metal, providing a strategy for redox tuning of the cluster. 12 A related question concerns the effect of redox-active metals on reactivity, and in particular;
II. Results and Discussion
Given the precedent for small molecule activation at metal centers supported by equatorial nitrogen donors, 16 we sought to synthesize tetranuclear iron clusters -with pyrazolates as bridging ligands -to generate a trigonal pyramidal environment around the apical metal. Starting from the recently reported triiron precursor LFe 3 (OAc) 3 (1), 15 one-pot procedures proved unsuccessful to install all three pyrazolate donors, most likely due to the strong binding of the three acetates to the triiron core. Less coordinating anions were envisioned to result in a more reactive precursor. Treatment of 1 with excess MeOTf (OTf = trifluoromethanesulfonate) leads to the formation of a new species according to the 1 H NMR spectrum ( Figure S3 ). Even though an excess of MeOTf was used, subsequent reactivity suggests the presence of some acetate anion. This species was thus assigned as having a stoichiometry of LFe 3 (OTf) 2 (OAc) , although elemental analysis is indicative of complete substitution of acetate with triflates.
Addition of a slight excess of sodium phenylpyrazolate (3.3 equiv.) to LFe 3 (OTf) 2 (OAc) followed by treatment with iodosobenzene (PhIO, 1.0 equiv.) resulted in the formation of a new species with 1 H NMR spectrum that is paramagnetically shifted over 100 ppm ( Figure  S4 ). Electrospray ionization mass spectrometry (ESI-MS) analysis of an aliquot taken from the crude reaction mixture shows a peak at m/z = 1491.0, consistent with the in situ formation of [LFe 3 (PhPz) 3 ONa] [OTf] (Figure S5 ; m/z = 1491.3, PhPz = 3-phenylpyrazolate). Addition of Fe (OTf) (4) in ~50% isolated yield. Although theseand subsequent reported complexes -are paramagnetic, the 1 H NMR spectra display characteristic resonances that allow facile identification of the parent complexes (Figures S6-S8 and S17-S19).
coordination environment around the apical iron metal center (Fe4) is trigonal pyramidal, with the three pyrazolate nitrogen donors (N14, N24, and N34) forming a trigonal plane (Figure 2 and 4A). The Fe4-N pz bond distances range from 2.065(4) -2.095(4) Å, with near identical Fe-N-N angles (Table 1) . The apical iron center is connected to the triiron core through a μ4-oxide moiety (O1), resulting in a [Fe 4 (μ 4 4 (μ 4 -O)] core has been described in the literature as a part of numerous polynuclear complexes (M > 4). [17] [18] In contrast, to the best of our knowledge the presence of a discrete of [Fe 4 (μ 4 -O)] core is quite rare. To date only a handful of complexes have been reported that feature such a moiety. 17c, [18] [19] In order to test the accessibility of other redox states of this cluster, the electrochemical properties of 4 were investigated by cyclic voltammetry (CV). The CV of complex 4 ( Figure  3 ) displays three reversible one-electron redox-events at −1.733, −0.727, and 0.018 V (vs. Fc/Fc + ). These oxidation/reduction waves are assigned to the Fe II 4 [20] [21] Hexanuclear complexes with multiple reversible metal-based redoxevents (≥ 3) have been reported as well. 22 For example, a hexanuclear iron cluster has been shown to support up to five redox events spanning a potential window of only 1.3 V. 22b Recently reported bimetallic complexes of first-row transition metals exhibited multiple redox-events as well, in contrast to their monometallic counterparts. 23 Other notable examples include mononuclear complexes of the type [M(bpy) 3 ] n (n = 3 + , 2 + , 1 + , 1 − , 2 − , and 3 − ), although in these cases many of the redox-events are ligand based. 24 Having established the electrochemical properties, attempts were made to chemically oxidize/reduce complex 4 in order to isolate the putative complexes [LFe 3 (PhPz) (5) . Reduction of complex 4 with 1.0 equiv. of cobaltocene (CoCp 2 ) in CH 2 Cl 2 for 2h, resulted in a color change from yellowbrown to red-purple. The 1 H NMR spectrum changes significantly and is indicative of the formation of a new paramagnetic species ( Figure S7 ). This species was identified as the oneelectron reduced [LFe 3 (PhPz) 3 OFe] [OTf] (3, PhPz = 3-phenylpyrazolate) by XRD (Schemenew complex 5 was identified by XRD as the one-electron oxidized LFe 3 (PhPz) 3 OFe] [OTf] 3 (Scheme 1, Figure S34) ). Based on our electrochemical studies, further reduction of complex 3 should be possible; (Fe II 4 /Fe II 3 Fe III at −1.733 V). Indeed, treating 3 with 1.0 equiv. of decamethylcobaltocene (CoCp * 2 ) in THF, resulted in the formation of a blue precipitate that is insoluble in common organic solvents including DMF, MeCN, THF, DME, toluene, ether, and hexanes amongst others. The insolubility precluded us from obtaining a solution 1 H NMR spectrum and X-ray quality crystals. However, further reactivity studies are consistent with retention of the same cluster core leading to an assignment of [LFe 3 (PhPz) 3 OFe] (Scheme 1, Figure S9 -S11).
Definite structural assignments for complexes 3 and 5 were made on the basis of XRD. For crystallographic purposes, complex 3 was crystallized as the corresponding tetrafluoroborate (BF 4 − ) salt ( Figure S11 and S33). In complexes 3 and 5, the coordination environment around the apical iron metal center (Fe4) is trigonal pyramidal analogous to complex 4 Figure 4C ). Similarly, in complex 5, the Fe1-O1, Fe2-O1, and Fe3-O1 distances are nearly identical, consistent with a [Fe III 3 ] core in complex 5 ( Figure 4D ). Table 2 ). The Mössbauer spectrum of complex 3 displays broad features that are best modeled as four quadrupole doublets in a 1:1:1:1 ratio, consistent with the presence for four4 inequivalent iron metal centers ( Figure  4E ). The nearly identical quadrupole doublets with isomer shifts of δ = 1.121 (dashed blue trace) and 1.128 (solid blue trace) mm/s, with quadrupole splitting of |ΔE Q | = 3.172 and 3.569 mm/s, respectively, are indicative of the presence of two high-spin ferrous ions. 25 The Table 2 ). The Mössbauer spectrum of complex 4 is nearly identical to that of complex 3. The major difference is the shift of the quadrupole doublet at δ = 1.121 mm/s ( Figure 4E ; dashed blue trace) to δ = 0.431 mm/s, with a splitting of |ΔE Q | of 0.413 mm/s ( Figure 2F ; dashed orange trace). This shift is consistent with the oxidation from Fe II to Fe III . 12b An analogous shift is observed when oxidizing complex 4 to 5 with 5 AgOTf, where now three nearly identical quadrupole doublets at δ = 0.394, 0.442, and 0.501 mm/s are present ( Figure 2F , orange traces). Note that throughout the different oxidation states of the metal cluster, the quadruple double at ~ δ = 0.859 mm/s (green trace) remains virtually unchanged, indicating that electron transfer exclusively occurs at the triiron core. Such localized redox modulation is notable, with the apical metal maintaining the same oxidation state (Fe II ) between −2.5 and 1.0 V (vs. Fc/Fc + ). This behavior is attributed to a greater propensity of the core Fe centers to be oxidized, due to the presence of electron rich alkoxide donors and higher coordination number. This localization of the electron transfer provides a conduit for storing electrons or holes without changing the oxidation state of the metal center that has a coordination site available for substrate binding.
However, the localized oxidation states of the metal clusters might be the results of XRD and Mössbauer measurements being performed at low temperatures (100 and 80 K). In order to determine if the oxidation states remain localized at higher temperatures, we have performed additional variable temperature (VT) XRD (100 and 298 K), Mössbauer (80, 100, 200, and 298 K) , and NMR (203-293 K) studies, with complex 3 as representative example ( Figure S12 -S16, Table S1 -S3). The X-ray structure at 298 K is very similar to that at 100 K ( Figure S12 ). The Fe1-O1, Fe2-O1, and Fe3-O1 distances change from 2.082(3), 2.102(3), and 1.889(3) at 100 K, to 2.048(2), 2.068 (2), and 1.954(3) at room temperature, while the Fe 4 -O1 bond distance remains virtually unchanged (Table S2 ). These results indicate that even at room temperature the oxidation states remain localized to the triiron core. However, some delocalization cannot be excluded, as some variations in the bond distances are present.
The VT zero-field 57 Fe Mössbauer recorded at 80, 100, 200 K support these findings ( Figure  S13 , S14, and Table S3 ). The Mössbauer spectrum of 3 collected at 80 K is similar to that of the analogous triflate salt, and shows four quadrupole doublets consistent with three highspin Fe II centers and a and a single high-spin Fe III center. 25 Increasing the temperature from de Ruiter et al. Page 6 80-293 K shows the expected loss of signal intensity due to the temperature dependence of the Lamb-Mossbauer factor. 25 Simulating each dataset in the same fashion as the 80 K spectrum reveals only minor changes in isomer shift and quadrupole splitting for each isolated Fe center ( Figure S14 ). The observed temperature dependence of the isomer shiftswhich tend to decrease with increasing temperature -is consistent with the magnitude of the second order Doppler shift expected for metal complexes (~ 0.1 mm/s). 25 A visual inspection of the data shows that the simulated quadrupole splitting narrows as the temperature increases. The observed temperature dependence of quadrupole splitting is typical for paramagnetic iron complexes, and can be attributed to Boltzmann population of nearly degenerate electronic states. 25 Nevertheless, the room temperature Mössbauer data features four well-resolved resonances, consistent with the localization of Fe II and Fe III character in the triiron core (Table S3 ).
The VT-NMR spectra recorded between 203 and 293 K demonstrate a linear correlation between the chemical shifts and the inverse temperature ( Figure S15 and S16). The linear correlations in complex 3 exhibit Curie and antiCurie type behavior between 120 and −20 ppm, which is frequently observed for multimetallic paramagnetic complexes. 28 We believe that the linear dependence is indicative for the absence of abrupt electronic transitions, which would otherwise alter the exchange-interactions between the Fe metal centers, and hence, show a significant deviation from linearity. Consequently our variable temperature XRD, Mössbauer and NMR studies all support that oxidation states in complex 3 remain localized throughout the experimental temperature range.
Utilizing the localized electron transfer in complexes 3-5, we sought to investigate the effect of redox changes on small molecule activation. Nitric oxide (NO) was selected since the ν NO stretch at 1875 cm −1 (gas phase) in the Infrared (IR) spectrum is a useful spectroscopic handle 29 that is sensitive towards local changes in the electronic environment. NO binding to iron clusters is also of biological significance, 30 and the chemistry of NO with synthetic iron-sulfur clusters has been investigated. 31 Furthermore, the chemistry of NO with various other metal centers is well established. 29, 32 Notwithstanding, only a handful of iron-nitrosyl complexes that feature a trigonal bipyramidal geometry (TBP ; Table S4 ) have been reported. 16a,16d,16j,33 A detailed study of the electronic structure of NO adducts of iron dithiolene complexes upon oxidation/reduction of the dithiolene ligand has been reported. 34 However, to the best of our knowledge, the effect of redox changes at distal metal centers on the activation of nitric oxide has not been described.
Iron nitrosyl complexes were targeted by treating solutions of 3-5 with NO (Scheme 1). Upon exposure to NO, significant changes are observed in the 1 H NMR spectrum of complexes 3-5 (Scheme 1 and Figures S17-19 X-ray diffraction studies on complexes 6-8 ( Figure 5A ; Figures S35-S37) showed that the coordination environment around the apical iron metal center (Fe4) is trigonal bipyramidal (τ 5 = 0.83-0.99).35 The NO and the μ 4 -oxido (O1) are axial with respect to the pyrazolate N14|N24|N34 plane and complete the trigonal bipyramid. For complex 7, the apical iron center is located slightly above the plane formed by the pyrazolate nitrogen donors N14, N24, and N34 ( Figure 5A ). Upon oxidation, a slight increase in distance is observed between the equatorial plane and Fe4 (6 ; 0.166 Å vs. 8 ; 0.260 Å). Compared to complexes 3 -5, an increase in the (Fe1-N13-N14-Fe4), (Fe2-N23-N24-Fe 4 ), and (Fe3-N33-N34-Fe4) torsion angles is observed in order to facilitate binding of NO (Table 1 ). The increase in angular torsion results in an average decrease of ~0.12 Å between the Fe1|Fe2| Fe3 and N14|N24|N34 centroids (Table 1) . Furthermore, such an increase leads to a decrease in steric crowding around the apical metal center. NO is coordinated in a linear fashion (∠Fe-N-O = 170.9 ± 1.0º), consistent with other TBP iron nitrosyl complexes (Table S4 ). It must be noted that Fe-N-O angle is dependent on the steric crowding around the apical metal center. 16j,33d Similar to complexes 3-5, the μ 4 -oxido (O1) is connected to all four iron centers and forms a
. 18 Oxidation of 6 to 8 results in an increase in the Lewis acidity of the triiron core, which in turn leads to a decrease in the Fe1|Fe2|Fe3 centroid-O1 distance from 1.057 Å (6) to 0.921 Å (8). Furthermore, oxidation also results in contraction of the Fe1-N13, Fe2-N23, and Fe3-N33 bond distances (Table 1) . Other structural changes are found in the [Fe 4 (μ 4 -O)NO] core, and are dependent on the oxidation state of the iron centers (Table 1) . As mentioned above, oxidation from Fe II to Fe III is accompanied by a reduction in bond lengths. For instance, the Fe2-O1 distance changes from 2.070(2) Å in complex 6, to 1.928(3) Å in complex 7 (Figure 5 C and D) . An even more substantial change is observed for the Fe1-O1 distance upon oxidation from 7 to 8 (7 ; 2.183(3) Å vs. 8 ; 1.979(5) Å). Correspondingly, in complexes 6-8 electron transfer exclusively occurs from the triiron core as well. The apical iron center can be best described as a {FeNO} 7 moiety in the Complexes that resemble the coordination environment around the apical iron center have been published. 16a,16d,16j,33 For instance, Lehnert and co-workers recently published the monometallic complex [Fe(TMGtren) Figure S20 and S21). This process possibly accounts for the asymmetry of the most negative redox wave (−1.662 V, vs. Fc/Fc + ) in the CV of complex 6. This is most likely caused by reduction of complex 6 and additional electron transfer to form NO − which is feasible at such low potentials. 29 The zero-field 57 Fe Mössbauer spectra of complexes 6-8 are nearly identical to those of complexes 3-5 ( Figure 5E-G) . The change in oxidation state from Fe II to Fe III is readily monitored by a shift of the quadrupole doublets at δ ≈ 1.1 mm/s (blue traces) to a value of δ ≈ 0.4-0.5 mm/s (orange traces). Coordination of NO to the apical iron center lowers the isomer shift to δ ≈ 0.6 mm/s in 6 -8 (green trace; Figure 5E -F, and Table 3 ) compared to δ ≈ 0.8-0.9 mm/s in 3-5 (green trace, Figure 4E -F, Table 2 ). Mössbauer data for other trigonal bipyramidal iron nitrosyl complexes are summarized in Table S1 . The fact that the isomer shift for Fe 4 remains relatively unchanged for complexes 6-8 is consistent with XRD data indicating that the oxidation state of the apical metal center does not change during the redox transformations of the iron metal cluster, even upon coordination of NO.
With iron-nitrosyl complexes 6-8 in hand, we used infrared (IR) spectroscopy to investigate the effect of distal metal oxidation state changes on the bound NO ligand. The solid-state infrared spectra of complexes 2−8 are shown in Figure S9 , S22-25 and Figure 6 . Complex 6 exhibits two peaks at 1715 and 1759 cm −1 assigned to the NO stretching modes. The presence of two NO bands are unexpected, and might be due to Fermi resonances. To investigate further, we prepared the 15 NO labeled analog of complex 6. Isotopic labeling should discern whether the two ν NO stretches are attributed to Fermi resonances or due to the presence of two isomers of complex 6. In the latter case, two ν NO stretches should persist upon isotopic labeling, albeit downshifted. The IR spectrum of the 15 NO labeled analog clearly shows two downshifted ν NO stretches at 1688 and 1726 cm −1 ( Figure S26 , calc 1683 and 1727 cm −1 , respectively). These studies thus indicated that -most likely -two different geometries of complex 6 are present in the solid state, giving rise to the two observed ν NO stretches in complex 6. However, XRD studies did not unequivocally demonstrate the presence of multiple conformations. Nonetheless, multiple peaks assigned to NO stretches have been observed in other complexes, bearing a single NO ligand. 16j,33d In contrast, complexes 7 and 8, exhibit single IR bands at 1799 and 1823 cm −1 ( Figure 6 ). The observed NO stretching frequencies are in line with other reported iron nitrosyl complexes in trigonal bipyramidal geometry. 16a,16d,16j,33 On average -for complexes 6-8 -the ν NO changes by ~30 cm −1 per one-electron oxidation. Similar changes in the ν (35 cm −1 /e − ) are observed for a series NO adducts of monoiron dithiolene complexes upon oxidation/reduction. 34b In that case, the nature of the ligands coordinated to Fe is significantly affected due to modifications in the redox state of the dithiolene moiety. The significant ν NO shift in the current system is notable, given that neither the oxidation state of the metal binding NO nor the direct donors to the apical Fe are changing. Although purely electrostatic effects on the ν NO stretching frequency cannot be ruled out, analysis of the structural parameters of the clusters provides an alternate explanation for the observed trend. The most notable and significant change in the bond distance occurs between the apical metal and the interstitial oxygen (O1). Successive oxidation from 6 to 8 leads to an increase of Fe 4 -O1 bond length from 1.968(2) Å in 6 to 2.087(5) Å in 8 (Δ Fe 4 -O1 = 0.119 Å). The decreased interaction between O1 and Fe 4 upon oxidation of the triiron core results in lower electron donation to Fe 4 , and consequently a more electron-deficient metal center. For complexes 6-8, the following trend is thus observed: the more electron positive the apical metal center, the higher the ν NO stretching frequency. Such a trend was also demonstrated in monometallic complexes of the type [Fe(BMPA-pr)][X] (BMPA = N-propanoate-N,N-bis(2-pyridylmethyl)amine; X = Cl − , ClO 4 , I − , and CF 3 SO 3 ). In these complexes, a notable shift of 84 cm −1 was observed as a function of the coordinating ability of the counter ions. Less coordinating counter ions -and hence more electron-deficient metal centers − showed higher ν NO stretching frequencies. The large shift of the ν NO frequency was attributed to an increase in π-donation from the NO ligand upon increasing the electron-deficiency of the iron metal center as demonstrated by a linear correlation between the ν(Fe-NO) and ν(N-O) stretching frequencies. These results were corroborated by computational studies, describing the Fe-NO interactions as Fe(III) with NO and indicated π-donation from NO into the iron β-dxz and β-dyz orbitals upon increasing the electropositive character of the iron metal center Given that the observed trends in complexes 6-8 are similar to and that our results fit the above-mentioned report, a mechanism akin to that proposed by Lehnert and co-workers might be operating. Consequently, we attribute the change in ν NO to the flexibility of the axial interstitial oxygen ion (O1), which moves closer to the metal centers that are being oxidized and away from the apical metal that binds the diatomic molecule. The resulting increase in electron-deficiency of the apical metal center (Fe 4 ) results in an increase in the π-donation from NO and hence an increase in ν NO , which was observed experimentally. Furthermore, the importance of axial ligand flexibility has also been invoked in mononuclear iron models of the FeMoco cluster of nitrogenase, where the degree of elongation between the axial atom (Si, B, C) of tripodal supporting ligands was speculated to affect the degree of N2 and CO activation. 37 To exploit the different degrees of NO activation we investigated the reactivity of the most oxidized and most reduced nitrosyl complexes 6 and 8. The addition of complex 6 in dichloromethane to a solution of complex 8, results in the formation of complex 7 upon mixing, as judged by 1 H NMR ( Figure S27 ), while no dimerization was observed. To further test the chemical reactivity of nitrosyl complexes 6 and 8, we investigated their reaction with O2. Metal-nitrosyl complexes are known to react with O 2 to form NO 2 -38 The addition of 1 atm. O 2 to complex 6 in dichloromethane (J-Young NMR tube) resulted in clean oxidation 6 within 2 hours, to give a 1 H NMR spectrum that is identical to that of complex 7. After 24 hours, some decomposition was observed ( Figure S28 ). In contrast, no oxidation events were observed for complex 8 upon addition of 1 atm. O 2 (J-Young NMR tube). In both cases the nitrosyl moieties remained intact ( Figure S28 and S29 ). These studies thus indicate that electron transfer is the predominant observed reactivity pathway.
In our attempts to utilize the reducing power of complex 6 we investigated the disproportionation of NO. Others have investigated the disproportionation of NO by various metal-nitrosyl complexes as well. 29, 39 Addition of 6 equiv. NO to complex 6 in acetonitrile resulted in a color change from red/brown to dark green during the course of 28 h. All the volatiles of the reaction mixture were vacuum transferred and subsequently trapped by a series of traps at −78 °C (CH3CN) and −196 ºC (all other gasses) to allow for analysis of the gaseous products. Fourier transform infrared (FTIR) spectroscopy of the trapped gasses, revealed clear formation of N 2 O, while some NO remained present ( Figure 7 ; blue trace). In addition 1 H NMR analysis of the remaining solid revealed quantitative conversion of complex 6 to a species with an 1 H-NMR identical to that of complex 7 ( Figure S30 ). However, the fate of the generated NO2 − , could not be determined. In contrast, addition of 6 equiv. NO to complex 8 did not lead to any oxidation ( Figure S31 ), and only small N 2 O peak was observed in the IR spectrum ( Figure 7 ; red trace), which might be due to the small N 2 O impurity in the used NO gas (Figure 7 ; green trace). The green and red traces in Figure 7 are nearly identical, supporting the fact that the observed N 2 O is from the N 2 O impurity of the NO gas.
These experiments clearly demonstrate the differences in reactivity amongst complex 6 and 8. It is interesting that the electrons stored in the triiron core of complex 6, can be used to facilitate NO disproportionation at a distal metal center. With the electron reservoir depleted, disproportion of NO to N 2 O is not observed in complex 8. These results are in-line with previous work, where NO disproportionation is favored by electron-rich metal centers. 39b Overall, the present studies demonstrate that within a cluster with an interstitial oxygen atom, the apical Fe-O interaction is flexible, and is significantly affected by remote redox changes, which, in turn, affects the activation of the coordinated NO; aspects all relevant to small molecule activation by metal clusters.
III. Summary
A . During these redox processes spanning a large potential window, the oxidation state of the apical iron center (Fe 4 ) does not change. The site-specific redox chemistry is due to differences in coordination numbers and type of ligands. This localization of the redox processes offers a conduit for storing electrons or holes away from the site of substrate binding. Exposure of redox series 3-5 to nitric oxide (NO) yielded the corresponding nitrosyl complexes 6-8. We found that the NO stretching frequency varies as much as 100 cm −1 over three oxidation states of the triiron core. The degree of NO activation was linked to the flexibility of the interstitial oxygen atom (O1), whose ability to donate electron density to the apical iron center is affected by the oxidation state of the triiron moiety. This study shows that the redox changes of metal centers can influence the degree of activation of small molecules on a distal site. These effects occur even in the absence of any redox events at the metal center that directly binds the substrate. 
IV. Experimental Section General Procedures
All reactions were performed at room temperature in an N 2 -filled M. Braun Glovebox or by using standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 140° C for at least 2h prior to use, and allowed to cool under vacuum. All reagents were used as received unless otherwise stated. Iodosobenzene (PhIO), and LFe 3 (OAc) 3 were synthesized according to published procedures. 12b,40 Caution! Iodosobenzene is potentially explosive and should be used only in small quantities. Nitric oxide (NO), Phenyl-1H-pyrazole, Na(N(SiMe 3 ) 2 ), AgOTf, and Fe(OTf) 2 were purchased from Sigma Aldrich and Strem Chemicals. Cobaltocene (CoCp 2 ) and decamethyl cobaltocene (CoCp * 2 ) were purchased from Strem Chemicals and sublimed before use. Anhydrous tet-rahydrofuran (THF) was purchased from Aldrich in 18 L Pure-9 Pac™ containers. Anhydrous CH 2 Cl 2 , diethyl ether, hexane and THF were purified by sparging with nitrogen for 15 minutes and then passing under nitrogen pressure through a column of activated A2 alumina. Anhydrous 1,2-dimethoxyethane (DME) was dried over sodium/benzophenone and vacuum-transferred onto molecular sieves. The 1 H, 19 F, and 13 C{ 1 H} NMR spectra were recorded at 400.13 and 100.62 MHz on a Bruker Ascend™ 400 MHz spectrometer equipped with prodigy cryoprobe, or at 300.13, 282.36, and 75.47 MHz, respectively, on a Varian 300 MHz spectrometer. All chemical shifts (δ) are reported in ppm, and coupling constants (J) are in Hz. The 1 H and 13 C{ 1 H} NMR spectra were referenced using residual H-impurity in deuterated solvent, whereas the 19 F chemical shifts are reported relative to the internal lock signal. CD2Cl2, and CD 3 CN, and 15N labeled nitric oxide (15NO) were purchased from Cambridge Isotope Laboratories. Deuterated solvents were dried over calcium hydride, degassed by three freeze-pump-thaw cycles and vacuum-transferred prior to use. The UV-vis spectra were recorded on a Varian Cary Bio 50 spectrophotometer. Infrared (ATR-IR) spectra of complexes 3-8 were recorded on a Bruker APLHA ATR-IR spectrometer at 2 cm −1 resolution. Fourier transform infrared (FTIR) spectra of gases were in a sealed IR-Cell using a Bio-Rad Excalibur FTS 3000 spectrometer. Elemental analyses were performed by Robertson Microlit Laboratories, NJ.
Physical Methods
Mössbauermeasure ments-Zero-field 57 Fe Mössbauer spectra were recorded at 80, 100, 200 or 298 K in the constant acceleration mode on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat (Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum of a α-Fe foil at room temperature. Samples were prepared by grinding polycrystal-line material (20 mg) into a fine powder and pressed into a homogeneous pellet with boron nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the program WMOSS (www.wmoss.org).
Braun N2-filled glovebox with O 2 and H 2 O levels <2 ppm. Dry dichloromethane that contained 0.1M nBu 4 NPF 6 was used as the electrolyte solution. The ferrocene/ferrocenium (Fc/Fc + ) redox couple was used as an internal standard for all measurements.
X-raycrystallography-Low temperature (100 K) and room temperature (298 K) X-ray data were obtained on a Bruker PHOTON100 CMOS based diffractometer (microfocus sealed X-ray tube, Mo Kα (λ) = 0.71073 Å or with Cu Kα (λ) = 1.54178). All diffractometer manipulations, including data collection, integration, and scaling were carried out using the Bruker APEXII software. 41 Absorption corrections were applied using SADABS. 42 Structures were solved by direct methods using XS 43 (incorporated into SHELXTL), and refined by full-matrix least squares on F 2 . All non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were placed in the idealized positions and refined using a riding model. The structures were refined (weighed least squares refinement on F 2 ) to convergence.
Due to the size of compounds (3-8), most crystals included solvent accessible voids, which tended to contain disordered solvent. In most cases, this disorder could be modeled satisfactorily. However, for complexes 5 and 8 significant amount of disorder was found for the solvent and the triflate counter ions. The total amount of triflates was fixed at 3 in accordance with the observed bond-distances in 5 and 8, and in accordance with other spectroscopic observations. Furthermore, the long-range order of these crystals and amount of high angle data was in some cases not ideal, due to desolvation of the crystals and/or solvent disorder. These disordered solvent molecules were largely responsible for the alerts generated by the checkCIF protocol. To the thawing suspension is added NaPhPz (550 mg, 3.3 mmol) in THF (5 mL). The color changed immediately to orange and the suspension became homogeneous during the course of 1 hour. The solution was stirred for a total of 2 h. where after iodosobenzene (PhIO, 228 mg, 1.0 mmol) was added as a suspension in THF (5 mL). The solution changed to orange brown immediately and became homogenous after 0.5 h. The solution was stirred for 1 h. and a brown precipitate formed. To the suspension was added Fe(OTf) 2 (710 mg, 2.0 mmol) as a suspension in THF (5 mL). The suspension was stirred for 24 h. and subsequently filtered over a bed of Celite (0.5 cm) on a medium porosity glass frit. [OTf] in CD2Cl2 (see Figure S16 in the Supporting Information).
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